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3D printable optomechanical cage system with enclosure
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The advent of the computer-age in the mid to late 20th century brought the development of
sophisticated scientiﬁc equipment for myriad chemical analyses. The ﬁeld of spectroscopy alone
has seen signiﬁcant advances in data collection, processing, and analysis due principally to the
incorporation of microprocessors. While it is clear computers have revolutionized the ﬁeld of
instrumental chemical analysis their impact is pervasive through every segment of our lives.
From word processing, data management, and Computer Aided Design in our work environments
to social media, crowd funding, and digital news at home, technology is everywhere. This work
seeks to incorporate the relatively new ﬁeld of 3D printing into the design and “at-home”
manufacture of optomechanical equipment for open-space spectroscopy. The primary goals were
the design of an optical cage system, with associated accessories, that is printable on any entrylevel commercially available 3D printer. All components except the optics, light source, camera,
breadboard, and integrated ﬂuorescence accessory mount were either parametrically designed
and printed or purchasable at a local hardware store. The components were assembled into a
Michelson interferometer and a liquid sample accessory for Raman spectroscopy. Results of both
conﬁgurations are discussed along with full cost analysis.

Speciﬁcations table
Hardware name

Optomechanical Cage System

Subject area
Hardware type
Open Source
License
Cost of Hardware

Educational Tools and Open Source Alternatives to Existing Infrastructure
Photonics Tools
This work is licensed under the Creative Commons Attribution-ShareAlike 4.0 International License. To view
a copy of this license, visit http://creativecommons.org/licenses/by-sa/4.0/
Optical Enclosure $270.70, Cage with 4 arms $55.90, Interferometer mounts and holders $52.39. Total
without light source, optics, camera, or breadboard $378.99
https://osf.io/9kt52/#

Source File
Repository
1. Introduction

Over the past decade, 3D printing has become ubiquitous in many areas of everyday life including primary and secondary
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education, public library makerspaces, manufacturing, rapid prototyping, and home hobby use. Indeed, in the decade from 2006 to
2016 it is estimated that Makerspaces, of which 3D printers are an increasingly important part, have seen an estimated 1500%
increase in number throughout the United States [1]. It was not until the past 5 years or so, however, that the use of 3D printing in
laboratory equipment gained much traction or staying power [2]. In the time since there have been countless demonstrations of the
usefulness of 3D printing and open-source design principles in the scientiﬁc laboratory including printing electronic sensors [3],
centerpieces for ultracentrifugation [4], microﬂuidic valves [5], lab pipet bodies [6], and many others. Additionally, there has been
much recent work in the development of laboratory instruments built using 3D printable components [7–12] and for applications
across the spectrum from undergraduate education to novel research.
The use of high-quality, commercially available, optomechanical components that are individually mountable to a standard
optical breadboard and user conﬁgurable (open-space optical systems), has drawn some newer attention to the development of opensource and 3D printable optomechanical equipment [13,14]. The most signiﬁcant gap in these recent developments is not the speciﬁc
design or function of any devices, but rather their ability, or perceived inability, to be merged into a larger open-space and opensource photonics system. Up to now, all open-source optomechanical equipment has been designed to integrate into commercial
system rather than work as its own stand-alone system. To that end, this work seeks to develop a systematized open-source approach
to the development of an optical cage system for the construction of an as of yet undeﬁned range of photonics applications. While it is
not a complete cage system, the components designed and reported here are suﬃciently generic to serve as the starting point in the
further development of more accessories. This system, therefore, can be used as the backbone for further advances in photonics by
leveraging the creativity of the scientiﬁc community through open-source technology and exclusively incorporating either 3D printed
or easily available components.
The use scenarios reported here, including Raman spectroscopy and Interferometry, were chosen to demonstrate the robust and
yet adaptable nature of this optical cage system.
2. Hardware description
The hardware reported here includes an optical cage system complete with mirror, lens and ﬁlter mounts along with an optical
enclosure system. The enclosure is intended primarily for safety purposes as stray radiation from LASER and other light sources can
easily damage eyes, but could be used for blackout and noise reduction purposes also. This hardware embodies the following
properties:

• This hardware was designed using all Imperial units for consistency with the 1 inch grid layout of the optical breadboard, but
metric dimensions in parenthesis are provided in mm.
• This hardware is very cheap in comparison to that which is commercially available.
• This hardware is high customizable as new or adapted components can be designed and integrated using CAD and entry-level 3D
printers.
• This hardware is dynamic in nature as it can be disassembled and reassembled, expanded or integrated with other purchased
•
•

components, and setup in nearly any conﬁguration for photonics applications. Think of it as a design-and-build-your-own-optics
hardware kit.
This hardware is parametrically designed providing quick and easy adjustments to component size parameters.
This hardware could be assembled with common peg-board, white light LED and smartphone camera in combination with some
basic optics (ie. Grating, convex lenses, and mirrors) for a cheap optics exploration assembly.

3. Design ﬁles
Design Files Summary
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Open source license
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Onshape.com design ﬁle including parts B01, B02, M02, and P01.

Static Bases
Cage End Mounts
Cage Stationary Mount
Cage Rotating Mount
Cage Adjustable Mount
Cage Cuvette Holder

Onshape.com
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design
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Cage Removable Filter Holder
Cage Alignment Plate
4-Way Cage Union
Cage Translational Stage
Cage Kinematic Mirror Mount
Optical Enclosure
4-40 Thumb Knob
LASER Mount
Master Parts List
B01 Center Mount Base
B02 Edge Mount Base
B03 Static Base
C01 Cage End Mounts
C02 Cage Stationary Mount
C03 Cage Rotating Mount
C04 Cage Adjustable Lens Mount
C05 Cage Cuvette Holder
C06 Cage Removable Filter Holder
C07 Cage Alignment Plate
C08 Cage Cube
C09 Cube Alignment Plate 1
C10 Cube Riser
C11 Cage Translational Stage End Cap
C12 Cage Translational Stage Slider
C13 Cage Kinematic Mirror Base
C14 Cage Kinematic Mirror Cap
C15 Cage Kinematic Mirror Mount
E01 Enclosure Straight 2
E02 Enclosure Straight 3
E03 Enclosure Straight 3625
E04 Enclosure Straight 4
E05 Half-Corner
E06Half-Corner Bracket L
E07 Half-Corner Bracket R
E08 Enclosure T-Union
E09 Enclosure T-Union Bracket
M01 4-40 knob
M02 Thumb Knob
M03 LASER Mount
P01 Adjustable Post
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Onshape.com design ﬁle
STL and STEP print ﬁles
STL and STEP print ﬁles
STL and STEP print ﬁles
STL and STEP print ﬁles
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STL and STEP print ﬁles
STL and STEP print ﬁles
STL and STEP print ﬁles
STL and STEP print ﬁles
STL and STEP print ﬁles
STL and STEP print ﬁles
STL and STEP print ﬁles
STL and STEP print ﬁles
STL and STEP print ﬁles
STL and STEP print ﬁles
STL and STEP print ﬁles
STL and STEP print ﬁles
STL and STEP print ﬁles
STL and STEP print ﬁles
STL and STEP print ﬁles
STL and STEP print ﬁles
STL and STEP print ﬁles
STL and STEP print ﬁles
STL and STEP print ﬁles
STL and STEP print ﬁles
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STL and STEP print ﬁles
STL and STEP print ﬁles
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STL and STEP print ﬁles

including part C06.
including part C07.
including parts C08, C09, and C10.
including parts C11 and C12.
including parts C13, C14, and C15.
including parts E1 through E9.
including part M01.
including part M03 and mockup of LASER.
including an assembly of the 4-arm Michelson interferometer.
of part B01
of part B02
of part B03
of part C01
of part C02
of part C03
of part C04
of part C05
of part C06
of part C07
of part C08
of part C09
of part C10
of part C11
of part C12
of part C13
of part C14
of part C15
of part E01
of part E02
of part E03
of part E04
of part E05
of part E06
of part E07
of part E08
of part E09
of part M01
of part M02
for part M03
of part P01

4. Bill of materials
Complete Bill of Materials available for download on Open Science Framework at https://osf.io/9kt52/#
4.1. Further Details of Materials and Equipment used:

• Onshape.com
▪ Free software used to design all printed pieces
• MakerBot Print
▪ Free software used to connect to the 3D printer as well as convert design ﬁles to printable ﬁles
• MakerBot 3D Replicator, 5th Gen.
▪ Entry-level 3D printer used for component production, prints exclusively PLA ﬁlament
• MakerBot Polylactic Acid Filament
▪ Filament used in 3D printer to print all pieces of the spectroscopy system
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5. Build instructions
5.1. General Hints and Tips for Assembly:

• 3D printed components, especially those printed on entry-level printers, are subject to a signiﬁcant amount of corner roughness or
•
•
•

burrs. These, along with any roughness associated with the printed raft, should be removed using a razor blade prior to assembling
any components.
Speciﬁc component attribute sizes and their tolerances to ﬁt with other parts are subject to change based on the type and model of
3D printer used. Test prints of several small pieces to conﬁrm their ﬁt are recommended.
All parts were printed with 20% ﬁll; it may be necessary to increase this parameter to increase structural rigidity.
While most printed pieces can be printed without supports, it may be necessary depending on the particulars of the printer in use
to add supports, this should be decided on a case-by-case basis.

5.2. Assembling the Optical Cage
The Optical Cage was designed to provide a rigid framework for collinear, divergent, and convergent optical systems in much the
same way other optical cage systems do. For simplicity, the rods of the cage system (RSS) were set 2 inch (50.8) apart with a 90degree angle between them as shown in Fig. 1. Beneﬁts of this design include:

• Ease of component removal in 3 rod system compared to 4 rod system
• Allows for rotating and lift-out mounts
• 3-rod cage system makes beam alignment simple due to simple axial adjustments
• Optical element centered on line between upper rods ensures easy ﬁt with other independently designed components
While these features can be considered beneﬁcial design elements, the placement of the optical element directly between the
upper cage rods dictates that any nonlinear assemblies require union blocks or gaps. The union blocks can be designed and integrated,
but it is not without its own inherent challenges. Indeed, for this optical cage assembly a 4 sided cage cube (C08) was designed. Other
geometries of union assemblies would also be beneﬁcial.
i) Starting with a 48 inch by 24 inch optical breadboard (Thorlabs part MB2448) or similarly indexed board (1 inch (25.4) by
1 inch (25.4) grid) consider the threaded holes to be whole-number gradations on a 2 axis coordinate system with the long
dimension being the x-axis, and the short the y-axis.
ii) Using 14 – ½ inch (12.7) Phillips headed screws (BS08), fasten Center Mount Bases (B01) to holes (9,15), (9,17), (15,3), (17,3),
(15,15), (15,17), (17,15), (17,17), (15,22), (17,22), (28,15), (28,17), (41,15), and (41,17) (note: If the chosen light source was
not cage mountable the Center Mount Bases at (41,15) and (41,17) could be omitted and the steel rods (RSS) could be cut to
diﬀerent conﬁgurations than described here).
iii) Push a ¼-20 steel nut (NS01) into the hexagonal end of each of 14 Adjustable Posts (P01).
iv) Insert a 2 ¾ inch (69.9) ¼-20 socket head bolt (BS13) into the round and conical end of each post prepared above and using an
Allen wrench tighten the bolt into the nut until it is tight at roughly 3/8 inch (9.5) of threads are exposed.

Fig. 1. Schematic illustration of general optical cage dimensions.
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Fig. 2. Illustration of Cage End Mounts (C01) with labels.

v) Place a ¼-20 steel nut in both slots of 5 Cage End Mounts (C01) and turn the exposed threads of the prepared posts into the nuts
until tight (Fig. 2).
vi) Since the printed slots for 4-40 nuts are designed to ﬁt tight, a pliers will be used to grip these nuts and apply force to push the
nuts into their intended holes. Gripping a 4-40 steel nut (NS02) with a pliers, push a nut into each of the indicated slots of the
Cage End Mounts (Fig. 2) being careful to keep the nut from rotating as it is inserted. A ﬂat head screwdriver can be used to
ﬁnish inserting the by using the screwdriver to apply force on the exposed, upper corner of each nut and pressing them ﬁrmly
into place. Then partially turn a 4-40 brass tipped set screw (SS02) into each nut with brass tip pointed toward rod slot.
vii) Slide each assembled End Mount with Posts into the aﬃxed bases at (9,15), (9,17), (15,3), (17,3), (15,22), (17,22), (28,15),
(28,17), (41,15), and (41,17) with ﬂat printed faces of each End Mount toward bases at (15,15), (15,17), (17,15), and (17,17)
viii) Push a ¼-20 steel nut (NS01) into each of the four hexagonal slots in the inside corners of the Cage Cube (C08) and, from the
other side of the cube, turn the remaining 4 assembled posts into the 4 nuts until tight.
ix) Slide four posts of the assembled cube into the remaining bases at (15,15), (15,17), (17,15), and (17,17).
x) Place a ¼ -20 steel nut (NS01) in the vertical slot of each Center Mount Base.
xi) Place a ¾ inch (19.0) steel hex bolt (BS11) into each of 14 ¼-20 Thumb Knobs (M02) pushing the threads down through the
hexagonal slot until the bolt head is fully seated within the slot.
xii) Turn one assembled Thumb Knob into each base nut. Do not tighten fully until optics alignment.
xiii) Cut the ¼ inch (6.4) steel rods (RSS) into sections with the following lengths 3 at 24 inch (6 1 0), 3 at 12 inch (3 0 5), and 6 at
6 inch (1 5 2). For other system conﬁgurations other lengths may be used.
xiv) Insert the steel rods from the outside of the assembly through each of the rod holes in the aﬃxed End Mounts, 3 each for the
appropriately spaced mounts. These will ﬁt tight so rotating the rods with ﬁrm pressure into the slots may be beneﬁcial. Avoid
excessive torque on the End Mounts so as to avoid damaging them.
xv) If optics are to be mounted prepare mounts by jumping to “Assembling the Optics Mounts” (step xix))before ﬁnishing the
insertion of the rods. Parts C02, C03, and M03 must be installed in conjunction with rod installation.
xvi) Once the rods are all inserted fully through the End Mounts and into the Cage Cube, tighten the set screws at each End Mount
with an Allen wrench. Do not over tighten as it will cause the rod holes to warp over time.
xvii) The assembly should closely resemble what is shown in Fig. 3 with lengths of arms matching actual cut lengths of steel rods
RSS.
xviii) The Optical Cage is now ready for removable mounts and optics.
5.3. Assembling the optics mounts
Cage Mountable Optics accessories were designed to provide an array of mounting options for lenses, mirrors, ﬁlters, and other
optical elements. Each cage mountable piece was designed to serve a unique set of functions including the following:

• Static Mount (C02): non-removable, secures to cage rods, moves along longitudinal axis, sized for 1 inch (25) optics
• Rotating Mount (C03): non-removable, rotates optical element out of signal path, moves along longitudinal axis, sized for 1 inch
(25) optics, snaps into rotational position on cage
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Fig. 3. Illustration of 4-arm Optical Cage Assembly without Optics (dimensions adjusted for clarity).

• Adjustable Lens Mount (C04): removable from signal path, secures to cage rods, three-point adjustable mount for optics, sized
for mounted 1 inch (25) optics, snaps into place on cage
• Cuvette Holder (C05): removable from signal path, secures to cage rods, sized for standard 1 cm cuvettes, conical cutouts
provide maximum measurement angle, snaps into place on cage
• Removable Filter Holder (C06): removable from signal path, secures to cage rods, sized to ﬁt Thorlabs removable ﬁlter holder
(PN: CVH100-FH), minimal wall thickness, snaps into place on cage
• Alignment Plate (C07): Lift-oﬀ alignment plate with alignment iris and printed, inlayed grid for linear alignment of light beam

xix) In the same way as step vi) use a pliers to push a 4-40 steel nut (NS02) into each of the appropriate slots of the optics mounts
including 1-C02, 2-C04 (see Fig. 4 for further detail), 2-C11, and 1-C13 (22 nuts in total).
xx) As in step vi) partially turn a 4-40 brass tipped set screw (SS02) into each steel rod slot nut, leave the optics alignment nuts of
both part C04s empty.
xxi) For optics mounts that do not use a 3-point mount (C02 and C03), a ¼ inch long (6.4) piece of 3/4 inch (19.0) PVC pipe (SP07)
cut with a miter saw and with roughly 3/16 inch arc (4.8) removed from the resultant ring, can be used as a c-shaped retainer
ring. These rings should be placed in the mount hole after the optical element and then pressed in tight to hold optical element
in place.
xxii) Note: if the ends of the PVC retainer clips are not cut square and smooth they will not hold the optical elements square in their

Fig. 4. Illustration of Cage Adjustable Lens Mount (C04) with labels.
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mounts and/or could damage the element surface.
5.4. Assembling the Cage Kinematic Mirror Mount
The Cage Kinematic Mirror Mount was designed to provide a mirror mount system that was able to provide pitch and yaw control
to ensure collinear beam paths. The Kinematic Mirror Mount was designed to fasten to the Optical Cage system, but be removable. As
such it contains three brass-tipped setscrews (SS02) to securely fasten it to the cage rods (RSS). It was also designed with the
following considerations:

• Designed for 1 inch (25) optics
• Pitch and yaw controlled with ﬁne threaded, commonly available, 4-40 nuts and bolts
• Ball socket serves as origin for both tilt axes

xxiii) Using a pliers as in step vi), push a 4-40 steel nut (NS02) into the slot of the Cage Kinematic Mirror Mount (C15) as shown in
Fig. 5 and partially insert a nylon tipped 4-40 set screw (SS01) into the nut with nylon face pointed toward 1 inch (25.4) optics
mount hole.
xxiv) Partially thread a 1 inch (25.4) 4-40 bolt (either BS10 or BS12) onto each of two 4-40 steel nuts (NS02) then, with the
hexagonal slot of two 4-40 Thumb Knobs (M01) pointing up, use a plastic mallet to gently drive the nuts into the bottom of the
hex slots. Remove the bolts.
xxv) Place the ﬂat face of the Cage Kinematic Mirror Base (C13) down. With the ﬂat face of the Cage Kinematic Mirror Mount (C15)
facing down, place the ball of C15 into the spherical socket of C13 (see Fig. 5)
xxvi) Place a small amount of super glue on the conical face of C13 surrounding the socket leaving a small-unglued space around the
ball of C15.
xxvii) Align the cap (C14) as shown in Fig. 5 and press it ﬁrmly down over the ball and onto the glued portion of C13 so that the
assembly looks like that shown in the upper right corner of Fig. 5. Gently apply pressure to the cap until the glue is set.
xxviii) After the glue has set completely, gently rotate the mount up in the socket making room to insert the compression springs
(SP06) between the base and the mount so that a 1 inch hex headed 4-40 bolt (BS12) can be inserted down through each
hexagonal slot on the upper face of C15 through each spring and through the concentric holes in C13.
xxix) Pressing the hex heads of the bolts ﬁrmly into their respective slots and applying pressure to compress the springs, turn the
prepared 4-40 Thumb Knobs onto each exposed bolt end.
xxx) Assuming 4-40 nuts and associated setscrews have already been installed from step xix), the Cage Kinematic Mirror Mount
Assembly is ready for optics and use.

Fig. 5. Illustration of Cage Kinematic Mirror Mount parts (C13, C14, C15) with labels.
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5.5. Assembling the Cage Translational Stage
The Cage Translational Stage was designed to provide a mirror or lens mount stage that moves independently of the cage
framework itself and was yet removable without complete disassembly. To accomplish these basic goals, the Translational Stage
mounts to the 3-rods of the optical cage and fastens tight with brass tipped setscrews (SS02), but the stage slider (C12) and optical
element move independently on four 4 inch (101.6) ¼-20 bolts (BS14). The motion of the optical element is controlled with four
compression springs (SP04) kept in tension against an 80 thread per inch screw (SP01). One full rotation of the screw translates the
optical element along the longitudinal axis of the cage system 0.0125 inch (0.3). Further design considerations include:

• Identical design of both End Caps for the frame of the stage.
• Use of socket headed bolts for the frame of the stage to allow for post-assembly adjustments to the alignment of the stage
assembly.
• Full travel distance of the stage to be at least 1 inch (25.4).
• Modiﬁable to include longer or shorter frame bolts or diﬀerent sized optics.

xxxi) Using pliers as in step vi), insert a 4-40 steel nut (NS02) into each slot of the Cage Translational Stage Slider as shown in
Fig. 6. The 4-40 nuts and associated set screws should already be inserted into C11 from step xix).
xxxii) Using a rubber mallet or small vice, insert the threaded bushing (SP02) into the indicated hole of one Stage End Cap starting
from the ﬂat face.
xxxiii) Place a ¼-20 steel nut in each of the four hexagonal bolt slots of the second Stage End Cap (C11)
xxxiv) Using the Stage End Cap with the bushing installed, insert a 4-inch (101.6) ¼-20 socket head bolt (BS14) into each of the four
indicated slots so that socket head sits down in hexagonal slot.
xxxv) Push the Cage Translational Stage Slider (C12), 4-40 nut slotted face ﬁrst, onto the four bolts already installed into the End
Cap with bushing.
xxxvi) Slide a compression spring (SP04) over the threaded end of each 4-inch (101.6) bolt.
xxxvii) Partially install a 4-40 nylon bolt (BN02) into the top nut of the stage slider (C12) and a 4-40 steel bolt (BS10) in both of the
other empty nuts.
xxxviii) Slide the second End Cap onto the threaded ends of the four bolts, ﬂat face ﬁrst, and gradually tighten the four bolts with an
Allen wrench. Tighten each bolt incrementally to avoid damage to the Translational Stage Assembly (AP02).
xxxix) The Cage Translational Stage Assembly (AP02) is now ready for optics and installation.
5.6. Assembling the optical enclosure
Although not essential for the assembly and operation of the Optical Cage System, the Optical Enclosure does provide an important protection against reﬂected and scattered emission of radiation. This is particularly important for LASER sources. The
Enclosure, as described below, covers the entire breadboard and measures 48 inch (1220) by 24 inch (6 1 0) by 10 inch (2 5 4). It can
be customized to be nearly any size or shape. It was designed with the following considerations in mind:

• Individual pieces, while relatively small, can be combined with others to make larger assemblies
• Each straight section of the enclosure frame has a solid steel bolt or threaded steel rod running its length for added strength
and rigidity
• Grooves along the long faces of the pieces are ¼ inch (6.4) wide to accommodate acrylic or foam-board sides
• The pieces are reusable when an enclosure of a particular shape and design is no longer needed

xl) These printed pieces, more than most others may require supports to print properly. They should be printed standing upright
on their ¾ by ¾ inch (19.0) base. All supports should be removed from printed pieces prior to assembly.
xli) Using a ¼ inch (6.4) drill bit and electric drill, ream the holes out that run the lengths of each piece including the Alignment

Fig. 6. Illustration of Cage Translational Stage parts (left C11, right C12) with labels.
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Fig. 7. Illustration of Enclosure Parts front (top) and back (bottom), part designators indicated below, 1/4-20 nut slots circled in green.

Plugs (E10).
xlii) Cut the ¼-20 threaded rod (SP05) into the following lengths: four at 13.25 inch (3 3 6), two at 18.25 inch (4 6 3), and 2 at
22.25inch (5 6 5).
xliii) Push a ¼-20 steel nut (NS01) into each of the indicated slots in Fig. 7.
xliv) The enclosure will include legs at each of the following holes: (1,1), (15,1), (34,1), (48, 1), (1,24), (15, 24), (34,24), and
(48,24).
xlv) For each of the eight legs and using a plastic mallet, tap an Alignment Plug (E10) tight into one end of 1 Enclosure Straight 2
inch (E01) and 2 Enclosure Straight 3.625 inch (E03). Then, with the Enclosure Straight 2 inch sitting plug up, gently pound
the bottom of one Enclosure Straight 3.625 inch onto the top of the plug. Then, add the second Enclosure Straight 3.625 inch.
The legs should look like what is shown in Fig. 8.

Fig. 8. Illustration of Enclosure leg with internal features revealed, sequence of parts indicated with part designators.
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xlvi) All horizontal beams should be assembled in similar fashion to the legs in step xlv) with an Alignment Plug (E10) placed
between adjoining pieces.
xlvii) Horizontal enclosure beams should be assembled with the following sequence of printed pieces (more detailed assembly to
follow):
(1,1) to (48,1): E05-E10-E04-E10-E04-E10-E08-E10-E04-E10-E04-E10-E04-E10-E03-E10-E08-E10-E04-E10-E04-E10-E05
(1,1) to (1,24): E05-E10-E04-E10-E04-E10-E04-E10-E02-E10-E05
(48,1) to (48,24): E05-E10-E04-E10-E04-E10-E04-E10-E02-E10-E05
(1,24) to (48,24): E07-E10-E04-E10-E04-E10-E09-E10-E04-E10-E04-E10-E04-E10-E03-E10-E09-E10-E04-E10-E04-E10-E06
(bold items are termini of internal threaded rods and contain ¼-20 nuts installed in step xliii))
xlviii) Start the assembly of each horizontal section by ﬁrst inserting the alignment plugs into alternating faces of adjacent pieces.
xlix) Choose the appropriate length of cut, threaded rod and insert it through the alignment plug in the ﬁrst corner piece. Hand
thread it a couple of turns into the ¼-20 nut (NS01) leaving a bit of extra space to continue threading the rod later when the
section is tightened.
l) Working sequentially through the list of pieces in step xlvii) for each horizontal section, gently pound the sections together
with a plastic mallet. (note: a tabletop with a small 3/8-inch (9.5) hole may be beneﬁcial to pass excess threaded rod through
and rest each additional printed component while pounding on the other end with the mallet)
li) When the end of a section of threaded rod is reached (ie. when adding parts E05 through E09, shown in bold above) insert the
remaining portion of the threaded rod into the new printed part, E05 for example, and hand thread the nut onto the rod until
all joints in that section are tight.
lii) To straighten the alignment of the printed pieces in each section, lay it ﬂat on a hard, ﬂat surface and use the plastic mallet to
gently tap pieces into the correct rotational orientation.
liii) For simplicity, the terminal ends of each horizontal section, while mirror images of one another, should be in the same
rotational orientation, but tweaking of these parameters can be made at the time the enclosure is actually assembled.
liv) At this point, the straight sections of the optical enclosure have all been assembled including 8 legs as shown in Fig. 8 and 4
horizontal sections as outlined in step xlvii).
lv) Before assembling the enclosure, the sides and top should be cut to size according to Figs. 9 and 10.
lvi) Using an appropriate saw (ﬁne toothed table saw recommended, do not remove the protective paper ﬁlm until later), cut the ¼
inch (6.4) amber acrylic sheet (ACRYL) into a large piece for the lid 48 inch (1219) by 24 inch (6 1 0) and a second piece for
mounting the hinge 48 inch (1219) by 1.5 inch (38.1). Next, cut pieces for the front panels by trimming the remaining portion
of acrylic to 48 inch (1219) by 9.375 inch (2 3 8) and cutting three sections (two at 13.5 inch (3 4 3) and one at 18.5 inch
(4 7 0)).
lvii) Using a razor blade, cut the foam board (SP08), into pieces that are 9 3/8 inch (2 3 8) tall with the following lengths according
to Fig. 10: two at 13.5 inch (3 4 3), one at 18.5 inch (4 7 0), two at 23.5 inch (5 7 0).
lviii) After making the primary cuts to each panel piece, the upper right and left corners will be notched to ﬁt in the grooves of the

Fig. 9. Illustration of primary cuts for the amber acrylic sheet (ACRY), cuts indicated with dashed lines.
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Fig. 10. Illustrations of primary cuts for the black foam board (SP08), cuts indicated with dashed lines.

lix)
lx)
lxi)
lxii)
lxiii)
lxiv)

printed enclosure pieces. Notches that are 1/8-inch (3.2) tall and 5/8 inch (17.1) wide will allow each panel to sit in the
printed grooves securely (Fig. 11).
Cut dimension are theoretical maximum values based on design ﬁles, but actual panel dimensions may need ﬁne tuning to ﬁt
well.
Place one assembled leg onto each of the appropriate holes of the table.
Press the Half-Corners (E05) and Half-Corners with Brackets (E06) together to make the 24-inch (6 1 0) by 48-inch (1219)
frame of the enclosure.
Lift the rectangular frame onto the positioned legs and insert a 10-inch (2 5 4) socket headed bolt (BS03) down through the
corner or T assembly and through the leg below.
Begin by fastening one corner tight to the table with an Allen wrench.
Slide the appropriate cut panel piece into the grooves and fasten the second leg that bounds the inserted panel. For the Acrylic
panels, ﬁt them initially with the paper ﬁlm still on the sheet, only remove the paper once a proper ﬁt is obtained and ﬁnal
installation is imminent.
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Fig. 11. Illustration of cuts for corner notches in amber acrylic and foam board sheet, cuts indicated with dashed lines.

lxv) Continue working in the same direction around the enclosure to insert each successive panel and fasten each leg until all of the
wall panels are installed and all of the legs are secured tight to the breadboard.
lxvi) Begin assembling the top with hinge (SP03) by placing the 48 inch (1219) by 1.5 inch (38.1) cut acrylic strip over the printed
bracket pieces so that it is ﬂush on the left, right, and back of the enclosure frame. Secure it temporarily from movement with
tape or small clamps and, using a ﬁne tipped marker or pen, mark the location of each bolt hole in the bracketed pieces on the
protective paper ﬁlm. These holes should roughly measure 1.5 inch (38.1) to the ﬁrst set, 13.5 inch (3 4 3) to the second, 32.5
inch (8 2 5) to the third, and 44.5 inch (1130) to the fourth.
lxvii) Using a ¼ inch (6.4) drill bit and with a solid sacriﬁcial board behind the acrylic to prevent cracking, drill a hole for each of
the 12 bolts that will secure the acrylic sheet to the enclosure. Check they alignment and ﬁt by temporarily fastening the sheet
to the enclosure with ¼-20 nylon bolts (BN01) make any necessary adjustments to the holes, their sizes or locations.
lxviii) To ensure the lid will close without catching on the brackets of the enclosure frame, chamfer one corner of one 48-inch (1219)
side (A drum sander works well for this). This chamfer will face down toward the brackets on the hinge seam when fully
assembled.
lxix) On a ﬂat work surface, lay the two panels of the lid together as they will be installed. The hinge will be installed oﬀ-center
from the seam to ensure the bolt-heads and nylon washers do not interfere with the motion and operation of the hinge after
installation.
lxx) Cut the plastic piano hinge (SP03) to 48 inch (1219) long using a tin snip, round the corners if needed.
lxxi) Lay the hinge oﬀ-centered over the seam in the acrylic sheets and tape one side down securely to the sheet below.
lxxii) Using methylene chloride and a disposable pipet, place a thin line of solvent under the non-secured side of the hinge. Small
bubbles and voids should be expected, but work to get signiﬁcant adhesion. The acrylic and hinge plastic will soften quickly
and weld together, so work quickly.
lxxiii) After 10–20 min, remove the tape securing the un-welded side of the hinge and repeat the solvent welding procedure from the
previous step on the second side of the hinge.
lxxiv) After the solvent has dried, turn the hinged panel over and using the pre-drilled bolt holes in the acrylic as guides, drill the
holes through the hinge.
lxxv) Fasten the hinged acrylic sheet to the enclosure frame using 12 nylon bolts (BN01) and 12 nylon washers (WN01)
lxxvi) The enclosure is now complete, as shown in Fig. 12, and the hinged lid should operate with minimal resistance against the
brackets.
6. Operation instructions
Considering the open-space and dynamic nature of the optical cage system and optical enclosure, the operational use of these
components will be strongly dictated by each user’s desired conﬁguration. There are, however, several simple instructions that should
be kept in mind.

• The assembly instructions for the cage and enclosure can be used as instructions for reconﬁguring them for other applications.
• Lenses and mirrors are installed into cage mounts most easily by lying the mount ﬂat-side down on a table, placing the optical
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Fig. 12. Picture of complete optical enclosure and optical cage systems.

•
•
•
•
•

element into the appropriate hole, and then securing it with the bolts, setscrews, or PVC retainer clips.
Unused cage mounts and accessories can be removed and stored on a separate cage section dedicated to that purpose or in a
simple storage bin.
For data acquisition, the use instructions for the implemented detector or camera should be followed.
Tools used in the assembly and use of this equipment (ie. Table saw, hacksaw, band saw, razor blade, …) should be operated or
used in accordance with each tool’s safe use instructions from their respective manufacturer. Users with little or no knowledge of
these tools should seek expert help or instruction.
Over tightening of bolts and setscrews can result in the gradual deformation or warping of components and should be avoided,
this is particularly true for printed components with low inﬁll levels
LASER light, including incidental scattered or reﬂected light, can easily damage eyes. The optical enclosure was designed to help
prevent exposure to this form of radiation, but reasonable safety precautions must be used in addition to the hardware itself. These
reasonable precautions should include, but are not limited to, the use of tinted safety classes, safe instrument use training for new
users, additional radiation shields installed over high-power zones of the apparatus, and limiting the use of reﬂective materials
within the enclosure when possible.

7. Validation and characterization
For validation of the optical cage and enclosure, two use scenarios have been implemented: Raman spectroscopy, and interferometry. The ﬁrst uses only a single arm of the 4-arm optical cage and demonstrates its ability to be adapted for scenarios it was not
speciﬁcally constructed for. The optical cage can be built in any conﬁguration and with very little eﬀort, the optics and their mounts
can be removed and replaced with others for a distinctly diﬀerent application. Total time for assembly of the Raman system (after the
cage and enclosure were setup) was less than 20 min and the ﬁber-coupled lens along with short total path length ensure minimal
alignment will be needed after the initial alignment of the cage frame and its base mounts.
The second use scenario was intended to demonstrate the usefulness of the optical cage system with a full array of mounts and
optics in a relatively complex apparatus. The requirements for alignment and rigidity of the optics for interferometry are suﬃciently
high to ensure that any optomechanical system capable of producing interference fringes will be suitable for a wide range of beginner
to intermediate open-space photonics applications.
7.1. Ramam
For Raman spectroscopy the system was kept in the 4-arm cage conﬁguration, but several cage accessories were added to allow for
sample insertion and data acquisition. Fig. 13 shows an illustration of the setup of the cage system for Raman spectroscopy. The
source was a 532 nm LASER capable of 300 mW peak output (Laserglow R533001FX), which was mounted to the cage as described in
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Fig. 13. Block diagram of the cage system setup for Raman spectroscopy.

the assembly instructions using the Cage LASER Mounts (M03). To provide a more monochromatic beam, a line ﬁlter (Thorlabs model
FL532-1) was installed in a Cage Static Mount (C02) followed by three Cage Rotating Mounts each with a neutral density ﬁlter
(Thorlabs NE05B, NE10B, and NE20B). The LASER beam was focused onto the middle of the sample holder using an f25.4 mm
mounted lens in a Cage Adjustable Mount (C04) followed immediately by a Cage Cuvette Holder (C05) where each sample was
inserted for analysis. To ﬁlter out Rayleigh scattering, a notch ﬁlter (Thorlabs NF533-17) was inserted into a Cage Removable Filter
Holder (C06) with a ﬁber coupling collection lens pressed ﬁrm into the back opening. To ensure maximum signal strength and
collection eﬃciency, the Cuvette Holder, notch ﬁlter, and ﬁber coupled lens were placed in contact with one another. Fig. 14 shows a
picture of the Optical Cage system setup as described above for Raman spectroscopy.
From the ﬁber optic cable, the signal passed into an Ocean Optics Red Tide Visible spectrophotometer (Model USB650) and the
data was acquired using the manufacturer’s software (OceanView, v1.6.3). Due to the inherent detector noise with a room temperature detector, LASER power was turned up to 95% of peak power, no neutral density ﬁlters were used during data acquisition,
and signal was integrated over 30 one second acquisition periods. Shorter acquisition times or fewer integrated spectra would provide
a lower signal to noise ratio for this speciﬁc camera model.
Samples of four common organic solvents (acetone, methanol, methylene chloride, and toluene) and two polymers (polystyrene
and poly(methyl methacrylate) (PMMA)) were analyzed. Solvents were used as received and were reagent grade. Polymers were new
and empty plastic cuvettes made the respective materials. For the solvents, roughly 3 mL of solvent was transferred into a rinsed,
capped glass cuvette and placed in the Cage Cuvette Holder for analysis. The collected spectra are shown in Fig. 15, baselines adjusted
for clarity.
The Raman spectrophotometer setup demonstrates basic functionality with common organic compounds and polymers utilizing
an entry-level detector and several aﬀordable optical elements. Peak positions are in good agreement with those expected based on
the bond vibrational frequencies [15] and the signal to noise ratio is very good.
7.2. Interferometry
For Interferometry, a Michelson interferometer was setup using the 4-arm optical cage system along with cage optical mounts as
described in the assembly directions. Fig. 16 shows a block diagram of the interferometer as setup to observe interference fringes on
the white screen. The appropriate LASER line ﬁlter (Thorlabs FL532-1) and several neutral density ﬁlters (Thorlabs NE05B, NE10B,

Fig. 14. Picture of optical cage setup for Raman spectroscopy.
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Fig. 15. Raman spectra of common compounds collected using optical cage and optical enclosure.

Fig. 16. Block diagram of the Michelson interferometer.
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Fig. 17. Illustration of Fluorescence Cube mounted to Alignment Plate and Riser.

and NE20B) were installed on the cage system with Cage Stationary Mount (C02) and Cage Rotating Mounts (C03) respectively. For
Alignment purposes the neutral density ﬁlters were used to minimize excess beam strength and limit user exposure to stray radiation.
The interferometer was aligned by ﬁrst adjusting the Cage End Mounts (C01) on their Center Mount Bases (B01) to keep the
LASER beam passing free through the center of the Alignment Plate (C09) the full length of the cage from LASER mount end to ﬁxed
mirror end. The Fixed mirror (Thorlabs PF10-03-F01) was mounted in a Kinematic Mirror Base (AP01) and the pitch and yaw of the
beam were adjusted to make the reﬂected beam coincident with the source beam from the LASER, the setscrews (SS02) were
tightened. At this time, the moveable mirror (Thorlabs PF10-03-F01) was installed on a Cage Translational Mirror Mount (AP02) with
arbitrary distance from the Cage Cube (C08), the four brass-headed setscrews (SS02) were tightened to the cage rods (RSS). The white
screen was simply a piece of white card-stock paper cut in the shape of a Cage Alignment Plate (C09) and placed on the cage just
inside the Cage End Mounts (C01). For simplicity, the beam splitter (Thorlabs BSW10R) was mounted into a Thorlabs Kinematic
Fluorescence Filter Cube (TH02), which was in turn mounted tight with a ¼-20 Phillips headed bolt (BS08) to a Cage Cube Alignment
Plate (C09) and Cage Cube Riser (C10) as shown in Fig. 17. Once the beam splitter was installed, it was gradually rotated on the
alignment plate until the reﬂected beams became coincident on the white screen. Any small diﬀerences in alignment were further
tweaked using primarily the rotation of the beam splitter and the pitch and yaw of the ﬁxed mirror until the beams were made as
close to coincident on the white screen as possible.
After the beam was completely aligned, the expanding and collimating optics were added to the cage. For the greatest magniﬁcation of the beam a short focal length plano convex lens (f24.5 mm) (Thorlabs N-BK7) was installed immediately down stream of
the neutral density ﬁlters. At a distance of 274.5 mm from the ﬁrst lens, an f250 mm lens was installed (Thorlabs N-BK7). Both Lenses
were adjusted in their mounts to maintain the coincidence of the beams from earlier alignment.
Once the optics were properly aligned, interference fringes were observed on the white screen as shown in Fig. 18. As the moving
mirror was translated up and down the longitudinal axis, the fringe pattern appeared and disappeared clearly demonstrating the
ability of this cage system maintain proper alignment for relatively complex open-space photonics.

8. Conclusions
The parametric design of an optical cage assembly along with associated mounting accessories and the necessary components to
assemble customizable enclosures have been evaluated for their use in spectroscopy and interferometry. While there are many other
potential conﬁgurations and still more new and adapted components to be designed, this basic system for photonics has been shown
to be suﬃciently robust to handle two distinctly diﬀerent yet practical use scenarios. Other use scenarios may include myriad openspace photonics applications. The primary goals of developing a systematized approach to open-source 3D printable optomechanical
equipment have been achieved in using the Makerbot Replicator 5th generation printer along with purchased components available
at most common hardware stores.
Cost analysis with comparable commercially available equipment for the optical cage system as assembled for interferometry and
the enclosure agree with reports found elsewhere [14]. Though it should be noted that the optical breadboard, purchase cost of the
printer, shipping costs, power consumption, optical elements, and several other costs were not factored into either calculation. As for
the Shipping, optical elements, and bread board, they would be required in any application and should be considered common
between both types of systems. The purchase cost of a printer could either be absorbed as an outside cost or free for use printers could
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Fig. 18. Picture of fringe pattern acquired with Michelson interferometer.

be utilized at public makerspaces. While this work was conducted on a solid aluminum optical breadboard (Thorlabs MB2448) a
plywood torsion board with pegboard top could theoretically be used in its pace and for a fraction of the cost. The costs associated
with fabrication of the 4 arm optical cage for interferometry were $114.19 compared to a similarly constructed commercially
available optical cage for $1879.83. The fabricated cage was built for 6% of the commercial cost. The enclosure, however, was not
built for such a signiﬁcant reduction in cost due to the high cost of amber tinted acrylic. The Enclosure was fabricated for $270.70
compared to a commercially available enclosure of similar size and function for $687.29. The fabricated enclosure was built for 39%
of the commercial cost. Aside from the unavoidably high cost for the acrylic, the 10-inch socket headed cap screws were the next
biggest expense and could potentially be replaced with threaded rod and nuts if needed, but this would require some modiﬁcations to
the printed corner pieces.
While it is still essential that optical elements like ﬁlters, lenses and mirrors be optical grade, there has been recent success in
conducting Raman spectroscopic analysis on several representative samples using a LASER pointer and smartphone camera as source
and detector respectively [16]. These eﬀorts along with as of yet unknown advances in 3D printing and rapid manufacturing
technologies will undoubtedly further reduce the costs associated with home built and open source lab equipment.
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